This paper provides a brief overview of investigations that have been carried out on the tribological properties of polysaccharides. Much of the work into long chain carbohydrates focuses on adhesion due to the propensity of these molecules to form hydrogen bonds. Polysaccharides play an important role in bioadhesion, but are also used in the mining industry to assist in the separation of minerals. Despite the high adhesion associated with polysaccharides, investigations showing that they can be used to achieve low friction have also been reported.In order to observe an effect on the friction between sliding surfaces in the boundary regime, the polysaccharide must first adsorb onto the surface. Although hydrogen bonding is the dominant interaction for polysaccharides, they can also interact through hydrophobic interactions in aqueous solution, providing the structure of the carbohydrate allows this. Many polysaccharides are charged and can, therefore, be adsorbed onto charged surfaces via electrostatic interactions. If the sliding contact is symmetric, that is both surfaces are of the same material, then it could be expected that bridging between the surfaces would occur due to the same interactions being formed on both sides. However, friction studies have been carried out that show that this phenomenon does not necessarily lead to high friction coefficients.
Introduction
Carbohydrates are often associated not only with low friction in natural systems but also with high adhesion [1] [2] [3] . These can be in the form of oligosaccharide chains attached to protein backbones to form mucins or large polysaccharide chains. Polysaccharides are long polymers whereas oligosaccharides are shorter chains of monosaccharide, however, the difference is not clearly defined. Much of the research into the lubricating properties of carbohydrates is motivated by an interest in understanding the phenomenon involved and in mimicking the natural properties in synthetic systems. Additionally, polysaccharides derived from natural systems are often investigated as potential aqueous based lubricants [4] [5] [6] [7] . For example, a sulfated polysaccharide from a red microalga Porphyridium sp. has been shown to have excellent lubricating properties on the macro and micro scales [5] [6] [7] . However, the low friction observed when polysaccharides lubricate sliding surfaces is not always desirable. The loss of adhesion between train wheels and track has been attributed in part to the polysaccharide pectin in the leaves that fall onto the train line [8] .
The contradictory properties of low friction and high adhesion are mirrored in the differing tribological behavior of polysaccharides in laboratory experiments. For example, the dependence of the friction forces on water content in polysaccharides gels, when measured in water, is dependent on the type of polysaccharide. For agarose and gellan gels, the friction force increases with increasing water concentration, whereas for ĸ-carrageenan gels, the friction decreases with increasing water content ( Fig. 1) [9] . Both gellan gum and ĸ-carrageenan gels show a negative dependence of friction on applied pressure after some critical load when measured in air. Agarose gel does not show this behavior. These differences in the behavior of the polysaccharides were attributed to the different interactions with the glass substrate used as the counter-face. Thus, where there were attractive forces between polysaccharide and glass, as in the case of agarose, the friction force was higher and showed a weak dependence on load. On the other hand, gellan and ĸ-carrageenan have repulsive interactions with the glass surface and give low friction forces that show a strong load dependence [9] .
Adsorption of polysaccharides to surfaces is of importance in the mineral industry where they are used in separation processes and in the pharmaceutical industry where specific polysaccharide interactions are important in drug delivery [10, 11] . The widespread interest in bioadhesion, both in cell interactions and in the behavior of bacteria, has led to many investigations into the interactions between polysaccharides and other materials [12] [13] [14] [15] [16] . The interaction of polysaccharides chains with each other and with other materials is dominated by hydrogen-bonding [17, 18] . Thus on the one hand, they can lead to low friction due to the strong solvation of the chains by water but will also lead to high adhesion when the chains can form hydrogen bonds to, for example, a bioadhesive surface.
Adsorption and adhesion of polysaccharides
One of the most widely known properties of sugars is that they become sticky when wet. This is due to the hydrogen bonding between the sugar molecules being broken up in the presence of water. As long as too little water is available for complete hydration, then the hydroxyl groups will hydrogen bond to other materials [19] , including the skin. Individual hydrogen bonds between hydroxyl groups or between a hydroxyl group and water are generally weak at about 20 to 25 kJ/mol. [17, 18, [20] [21] [22] [23] . However, a cooperative effect occurs that allows strong interactions to be formed by large numbers of hydrogen bonds [17, 24] . An extreme example of this is in cellulose fibrils, where hydrogen bonding occurs along the entire polysaccharide (Fig. 2) [25] .
In aqueous solution, hydrogen bonding between the polysaccharide and materials is not static, even when the adsorption of the carbohydrate onto a surface is irreversible. When long polysaccharide chains adsorb onto oxide surfaces, the positions of hydrogen bonding varies between the monosaccharide units ensuring that the chain remains attached to the surface although the individual hydrogen bonds are continuously broken and reformed [21, 26] .
Polysaccharides are widely used in the mineral industry as mineral depressants to assist is the separation process [11] . Interest in the interactions of polysaccharides with surfaces also arises from their role in the adhesion of bacterial cells [26] . The adsorption properties of polysaccharides are generally thought of as being dominated by hydroxyl-metal ion interactions and hydrogen bonding [11, 18, [26] [27] [28] . The measurement of interactions between cellulose and silica particles has been investigated using atomic force microscopy (AFM) [29] . Desorption forces were measured in aqueous solutions designed to influence the strength of the electrostatic repulsion between the cellulose and silica surface. No evidence of an attractive van der Waals force was found and it was concluded that the adhesion between silica and cellulose was dominated by hydrogen bonding, whereas the repulsion was dominated by electrostatic forces [29] .
However, polysaccharides can also display amphiphilic behavior. Many sugars are able to form a conformation in which the axial hydrogens of the (Fig. 3 ) [30] . The hydrophobicity can be sufficiently strong to stabilize a secondary structure. For example, amylose forms a helix with a hydrophobic inner shell and a hydrophilic outer shell [11] . This hydrophobic property was used to study the lubricating ability of aqueous solutions of polysaccharides between PDMS substrates. Measurements of the dry and wet mass with surface plasmon resonance (SPR) and quartz crystal microbalance with dissipation (QCM-D), respectively, showed significantly different adsorption behavior for different polysaccharides [31] . Not all polysaccharides display a detectable hydrophobicity. Whereas sugars such as dextrin and pectin display behavior associated with hydrophobic interactions, such as solubilizing hydrophobic molecules and adsorbing to hydrophobic surfaces, others such as cellulose and dextran do not [30, 31] . This property is considered to be particularly important in the process of recognition at cell surfaces [30] .
Polysaccharides that display only hydrophilic behavior can be modified, usually by etherification or esterification, to allow hydrophobic interactions to be formed [32, 33] .
In the absence of a cooperative effect, hydrogen bonding is weaker than electrostatic and hydrophobic interactions in aqueous solution, thus, hydrogen bonding will only be the dominant interaction where the other two do not occur. Examples of polysaccharides adsorbing via hydrogen bonding include hyaluronan on mica and dextran on silicon oxides [21, 34] . In both cases, the interactions are weak due to repulsive forces that include the solvation energy of the polysaccharide as well as Lewis acid repulsion [11, 35, 36] . Studies show that polysaccharides are not a homogeneous group and can behave very differently depending on the monosaccharide units, the position of glycosidic bond in the carbohydrate ring and the type of monosaccharide [30, 31, 37] .
Other strategies that have been used to facilitate studies on polysaccharides at surfaces include the covalent attachment of a positively charged backbone [38, 39] , alkali treatment [40] , and the chemical attachment of the polysaccharide to the surface [41, 42] .
Friction
The friction of a variety of surfaces sliding against each other in the presence of carbohydrates has been investigated on all length scales. These studies include systems where the carbohydrate is attached to or adsorbed onto the surface directly, adsorbed via a polymer backbone, as well as experiments where there is no detectable interaction between the surface and the carbohydrate [2, 3, 7, 9, 31, 34, 41, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] .
Examples of non-adsorbing polysaccharides that have been investigated for their friction properties, using a silicon elastomer and stainless steel as the contacting materials, are xanthan gum and guar gum [51] . Xanthan gum is made up of a glucose backbone with branching at every second glucose. The pentasaccharide repeat units are comprised of glucose, mannose, and glucuronic acid in the molar ratio 2:2:1 [55] . Guar gum is made up of a backbone of mannose units with side chains of galactose at every second mannose [56] . As with dextran and cellulose, neither the xanthan nor the guar gum show significant hydrophobic properties. Measurements were carried out on both the hydrophobic elastomer and elastomer that had been rendered hydrophilic by plasma treatment [51] . When the measurements were carried out with the hydrophobic elastomer, the friction coefficient was higher at low speeds for the polysaccharide solutions than for pure water. When using the hydrophilic surface, the friction coefficients were similar. It was proposed that the increase in friction of steel against the hydrophobic surface was due to the polysaccharide becoming trapped at the inlet to the contact. Thus, in the absence of significant adsorption onto the surface, the polysaccharides does not reduce friction in the boundary regime [51] .
Polysaccharides that do form hydrophobic faces, such as pectin and locust bean gum do adsorb onto hydrophobic surfaces from aqueous solution and influence friction in the boundary and mixed regimes [31] . Pectin, a group of polysaccharides containing galacturonic acid residues [57] , for example, adsorbs onto hydrophobic PDMS in large amounts to form a highly hydrated boundary film that has a low friction coefficient when sliding against a counter-surface of PDMS [31] . Locust bean gum, which is made up of a β-1,4-D-mannopyranose backbone with single unit side chains of α-1,6-D-galactopyranose residues [57] , also adsorbs onto the PDMS but to a much lesser extent and forms a more rigid film resulting in a higher friction coefficient [31] . The ability of a polysaccharide to adsorb onto hydrophobic surfaces is an indication of its ability to form a hydrophobic face on the carbohydrate residues. However, that low friction is observed when sliding against a surface with the same chemistry, to which the polysaccharide could adsorb equally strongly is surprising. This may be due to the formation of a Fig. 3 Diagram of the hydrophobic face of the monosaccharide glucose conformation of at the surface of the adsorbed polysaccharide layer that does not allow strong hydrophobic interactions to be formed. Hydrogen bonding is generally weaker than electrostatic and hydrophobic interactions in aqueous solution, thus, hydrogen bonding will only be the dominant interaction where the other two do not occur. The exceptions to this are when hydrogen bonding occurs over long distances such as in cellulose or a high density of hydrogen bonding is present as in lectin and lectin-type binding [24] . An example of the use of hydrogen bonding to effect adsorption is provided by the adsorption of a negatively charged polysaccharide derived from the red alga Porphyridium sp. [7] onto negatively charged mica. This polysaccharide is made up of xylose (38%), galactose (24%), glucose (22%), and glucuronic acid units (10%) as well as minor quantities of other monosaccharides [7] . The atomic force imaging in this study is particularly interesting as the significant changes in structure that can occur when the polysaccharide dries out are demonstrated. In the fully hydrated form, the Porphyridium sp. polysaccharide adsorbs as small globular domains to form a monolayer. After rinsing the substrate and drying, microfibrils of the polysaccharide are observed that are several micrometers long [7] . As the hydroxyl groups on the carbohydrate become less hydrated, the amount of intermolecular hydrogen bonding will increase forming the observed structures. Thus images of adsorbed polysaccharides in the dry form will not necessarily provide information on how it will behave in aqueous solution.
The adhesion and friction properties of the polysaccharide monolayer in aqueous solution was investigated using SFA. Although the Porphyridium sp. polysaccharide adsorbed onto the mica, no bridging between the opposing mica surfaces were detected [7] . This is consistent with the observation that the adsorbed polysaccharide could easily be moved over the surface with the AFM tip. When both surfaces were coated with polysaccharide and force applied, then an adhesion between the surfaces was observed and attributed to hydrogen bonding between polysaccharide chains [7, 37] . At low applied load, up to 40 mN, a friction coefficient of 0.015 was observed, similar to the values observed at low loads in macroscopic ball on disc measurements [5, 7] . For a ceramic silicon nitride ball sliding against alumina, a sharp increase in friction was observed at circa 0.8 N.
In the SFA, and a shear-induced increase in adhesion was observed [7] . Another negatively charged polysaccharide, hyaluronan, was squeezed out of the contact in the SFA, showing weaker hydrogen-bonding to the surface than the Porphyridium sp. polysaccharide [7, 34] .
When both substrates at the sliding contact are the same then the adsorption of the polysaccharide onto one surface can be expected to result in an adhesive force at the other surface. That this does not necessarily lead to a high friction coefficient can be seen in the results of the SFA experiments by Gourdon et. al., which may be due to Fig. 4 (a) Structure PLL-dextran showing attachment of the lysine amino group to the end of the dextran chain, (b) gradients were generated by dipping the silicon substrate into a solution of PLL-dextran at a rate determined by previously performed adsorption measurements, (c) friction was measured along the gradient using colloidal probe AFM the low strength of the individual hydrogen bonds [7] . Another strategy that has been used to adsorb polysaccharides onto surfaces is to attach the carbohydrate to a charged backbone, resulting in an asymmetric coverage of the substrate [38, 54] . Dextran has been attached to poly L-lysine (PLL) at the reducing end via reductive amination (Fig. 4a) [38] . The resulting brush-like polymer adsorbs onto the surface via the unreacted, positively charged lysine residues. The electrostatic interaction between the amino groups of the lysine and the silicon oxide surface are stronger than the hydrogen bonding between the dextran and silicon oxide [15, 16, 21, 22, 58, 59] . Therefore, any dextran that adsorbs on the surface will quickly be replaced by poly-L lysine and the adsorbed polymer brush will have a conformation in which the charged backbone interacts with the surface while the polysaccharide chain extends into the aqueous solution.
The friction behavior of PLL-dextran has been investigated on the nano and macroscale [38, 49] . On the macroscale the friction coefficient was found to be higher at all brush densities for the dextran than for another polymer brush, PLL-PEG [38] . The friction behavior was studied in more detail using AFM, in which a borosilicate colloidal probe slid against a gradient of densities of PLL-dextran on a silicon substrate (Fig. 4 ) [49] . The dextran used in these experiments had a molecular weight of 5 kDa. The gradients were produced by dipping the silicon substrate into a solution of the PLL-dextran at a rate that gave a range of brush densities of L/2R g = 4 to 0.5, where L is the distance between dextran chains and R g is the radius of gyration [49] .
At lower loads, friction measurements of both a bare colloidal probe and a probe coated with PLL-dextran sliding against the gradient showed the expected decrease in friction coefficient with increasing brush density (Fig. 5) . At each brush density, the friction coefficient with the bare borosilicate probe was always higher than for the coated probe [49] . This is consistent with the behavior that has been observed for other brush-like systems, such as PLL-PEG, in which osmotic pressure and entropy are believed to play a large role in maintaining a low friction aqueous layer between the sliding surfaces [60] [61] [62] [63] .
For each brush density measured, the friction coefficient increased at some load, referred to as the transition load, which increased with increasing brush density [49] . At loads higher than the transition loads, the friction coefficient increased to very high values, above 1, that indicated that the surfaces were sticking together (Fig. 5) .
Contrary to the low-load friction, at high loads the friction coefficient was lower for the bare colloidal probe sliding against PLL-dextran at each brush density than for the probe coated with PLL-dextran. Additionally, the friction coefficient increased with increasing brush density [49] . The very high friction was attributed to a decrease in hydration and an increase in hydrogen bonding between the contacting surfaces (Fig. 6 ). In the case of the bare probe, the hydrogen bonding to dextran in the fully hydrated state is weak [21, 26] , but on dehydration, the number of hydrogen bonds between the surface and polysaccharide will increase as the repulsion caused by solvation of the dextran decreases. Studies on the adsorption of starch onto silicon oxide have demonstrate that solvation energy, as well as Lewis acid repulsive forces, play a role in reducing hydrogen bonding between polysaccharide and the oxide surface Fig. 5 (a) At each brush density measured, the friction coefficient showed a sharp increase at some load. This load at which the friction coefficient increased was described as the transition load. The graph shows the transition load against the number of dextran monomers per nm 2 adsorbed onto the surface for a bare colloidal probe sliding against PLL-dextran (squares) and a PLL-dextran coated probe sliding against PLL-dextran (circles). (b) The friction coefficients are mirrored in the low and high load region for the bare colloidal probe sliding against PLL-dextran (red line) and a PLL-dextran coated probe sliding against PLL-dextran (blue line) along the PLL-dextran gradient [21, 35] . The hydrogen bonding of polysaccharides to oxide surfaces is reversible, as seen in the many examples of bioadhesion [1, 21, 64] , and thus removing the load results in rehydration of the dextran. It can be expected that the repulsive forces between the dextran chains [36] and between dextran and silicon oxide [21] will encourage rehydration when the load is removed. As with cellulose [29] , attractive van der Waals forces are negligible for dextran [21] . However, unlike cellulose, dextran does not form highly ordered hydrogen bonding over long ranges. A phenomenon in cellulose that results in the poor dissolution behavior of the polysaccharide. When compared to the friction measurements on the polysaccharide from Porphyridium sp., it can be concluded that the stronger electrostatic repulsions in the case of the negatively charged polysaccharide on mica than for dextran against silicon oxide prevent to formation of a strong, adhesive hydrogen bonding at high loads [7] . A similar situation applies to the interaction of the two dextran coated surfaces (Fig. 7) . As water is forced out of the contact, the number of hydrogen bonds between hydroxyl groups on the polysaccharide will increasingly exceed the repulsion between dextran chains [36] . The adhesion caused by this increase in hydrogen bonding will be higher for two chains in contact than for the polysaccharide and silicon oxide surface due to the larger number of possible contact points per unit area [17, 18] . Smaller dextran chains are not easily dissolved following aggregation through hydrogen bonding [65] [66] [67] . However, the reversibility of the friction coefficients following sliding of dextran against dextran suggests that the polysaccharide has not become sufficiently concentrated to cause such aggregation [65] [66] [67] . As well as dehydration, the formation of aggregates resistant to dissolution also requires orderly molecular association as shown by x-ray analysis [67] . A high degree of order is improbable in the chains interacting with each other during sliding at high loads.
The behavior of the dextran brushes in these two regimes of low and high friction can be compared to the friction and adhesive properties of mucins [16, 50, 68] . Mucins have a structure that allows the protein backbone to adsorb on the surface and the oligosaccharide or polysaccharide moieties to extend into the aqueous solution in a brush-like conformation [2, 3] . The squeezing out of water in the AFM experiments at high load can be compared to the dehydration mechanism of mucoadhesion [69] . The strength of hydrogen bonds vary a great deal [10, 20] , but they are weaker than electrostatic and covalent bonds. Therefore, in order for hydrogen bonding to become a significant component of adhesion a large number of hydrogen bonds are required. This can be compared to the use of weak van der Waals forces in the adhesion mechanism of geckos feet to hydrophobic surfaces [70] . The real contact area at the feet of the gecko is sufficiently high to make adhesion feasible even when only very weak London forces are possible [70] . In mucoadhesion, the number of contacting points at which hydrogen bonding can occur is increased by mixing of the mucoadhesive and the mucus [16, 59, 69, 71] . Dehydration of the mucus is achieved by using a mucoadhesive that has a higher affinity for water than the mucus and adhesive failure occurs when there is overhydration of the system [16, 59, 69, 71] .
In order to determine the influence of the brush structure of the polysaccharide on the low friction at low load and high adhesion at high load, large dextran chains were attached covalently to the surface [72] . Poly(allylamine)-graft-perfluorophenylazide (PFPA) was adsorbed onto the silicon surface from aqueous solution through the positively charged amine. Dextran with a molecular weight of 2 MDa was spin-coated onto this and covalent bonding between the two polymers was achieved with UV irradiation. This eliminates nitrogen from the azide groups on PFPA leaving highly reactive nitrenes, which insert into any bond in the vicinity. Gradients were produced by exposing the surface to UV for differing times along the substrate.
At low dextran coverage, the friction coefficient was high even at low loads. At higher coverage, a transition load was observed as with the brush-like PLL-dextran [72] . However, a comparison of the two systems showed that a higher coverage of the random PFPA-dextran than the brush PLL-dextran in terms of monomers/nm 2 was required to achieve the same transition load (Fig. 8) . That is, fewer monomers are required in the brush-like structure to maintain the lower friction regime. Additionally, the differences between the friction in the low and high load regimes were not as large when the large dextran was attached randomly to the surface as in the case of the brush-like structure [72] . The lower friction coefficients observed for PFPA-dextran above the transition load suggest that the randomly attached polymer was not able to form a conformation that allowed as many hydrogen bonds to be formed as in the case of the PLL-dextran brush. Thus, from these experiments it would appear that the brush-like structure of mucins is optimized for both low friction and high adhesion depending on the degree of hydration and the applied load [16, 53, 69, [73] [74] [75] .
Conclusions
Providing the interactions between polysaccharide and the surface are strong enough to allow adsorption, then low frictions can be achieved due to the ability of the carbohydrate to main a hydrated film at the surface. For neutral polysaccharides, adsorption from aqueous solution occurs through hydrogen-bonding or hydrophobic interactions, whereas the charged polysaccharides can also adsorb via electrostatic interactions depending on the chemistry of the surface. The ability to maintain low friction with increasing load requires that the interaction with the surface is strong enough to prevent the polysaccharide from being squeezed out of the contact. However, when the interaction with the surface becomes too strong, then high adhesion and high friction coefficients will be observed. Repulsion between oxide surfaces and polysaccharides is dominated by Lewis acid interactions and the solvation energy. For hydrogen bonding between the surface and polysaccharide to be effective, the number of hydrogen bonds formed has to be sufficient to overcome the repulsion. Therefore, with a low contact area between the polysaccharide and surface, interactions will be weak. As water is squeezed out of the contact, repulsion due to solvation will decrease and, additionally, the area of contact between polysaccharide chains as well as between polysaccharide and surface will increase, thus enhancing hydrogen bonding to the point that very high friction coefficients are observed. This adhesion is reversed when the polysaccharide chains are rehydrated as the load is removed. Fig. 8 Comparison of the transition loads for PLL-dextran (purple) with those for PFPA-dextran (blue) at different adsorbed mass for asymmetric contacts of bare probe against dextran (squares) and a PLL-dextran coated probe sliding against the dextran gradient (circles)
